We analyzed cDNA libraries from developing endosperm of the B73 maize inbred line to evaluate the expression of storage protein genes. This study showed that zeins are by far the most highly expressed genes in the endosperm, but we found an inverse relationship between the number of zein genes and the relative amount of specific mRNAs. Although ␣ -zeins are encoded by large multigene families, only a few of these genes are transcribed at high or detectable levels. In contrast, relatively small gene families encode the ␥ -and ␦ -zeins, and members of these gene families, especially the ␥ -zeins, are highly expressed. Knowledge of expressed storage protein genes allowed the development of DNA and antibody probes that distinguish between closely related gene family members. Using in situ hybridization, we found differences in the temporal and spatial expression of the ␣ -, ␥ -, and ␦ -zein gene families, which provides evidence that ␥ -zeins are synthesized throughout the endosperm before ␣ -and ␦ -zeins. This observation is consistent with earlier studies that suggested that ␥ -zeins play an important role in prolamin protein body assembly. Analysis of endosperm cDNAs also revealed several previously unidentified proteins, including a 50-kD ␥ -zein, an 18-kD ␣ -globulin, and a legumin-related protein. Immunolocalization of the 50-kD ␥ -zein showed this protein to be located at the surface of prolamin-containing protein bodies, similar to other ␥ -zeins. The 18-kD ␣ -globulin, however, is deposited in novel, vacuole-like organelles that were not described previously in maize endosperm.
INTRODUCTION
Genes encoding storage proteins are highly expressed in developing seed, and this has greatly facilitated their molecular cloning and characterization. As a result, we know much about the structural relationships between these proteins and the mechanisms by which storage proteins are synthesized (Herman and Larkins, 1999; Shewry and Casey, 1999) . Traditionally, storage proteins were identified on the basis of their solubility in water or aqueous solvents containing salt, alcohol, and acid or alkali, and this led to their classification as albumins, globulins, prolamins, and glutelins, respectively. Proteins in these solubility classes occur in every seed, but major types predominate in certain plant families. For example, legume seed contain primarily storage globulins, whereas cereal seed contain primarily prolamins.
As the molecular structure of storage proteins was deduced from DNA sequences, our understanding of their evolutionary relationships improved immensely. However, this information created the challenge of developing a method that systematically identifies them in a context that fits both their structure and their solubility characteristics. Today, three major types of storage proteins are recognized: the family of 2S albumins, the 7S and 11S families of storage globulins, and the family of alcohol-soluble prolamins (Shewry and Casey, 1999) . Other types of proteins (e.g., lectins, protease inhibitors, thionins, etc.) often are abundant in seed, but presumably they have functions other than amino acid storage, so they are not conventionally considered storage proteins (Shewry and Casey, 1999) .
Although maize kernels contain albumins, globulins, prolamins, and glutelins (Landry and Moureaux, 1970) , two types of storage proteins predominate in the seed: the embryo contains a 7S globulin, similar to that found in dicot embryos (Kriz, 1999) , and the endosperm, the major site of storage protein accumulation, contains predominantly prolamins, the so-called zein fraction (Landry and Moureaux, 1970; Wilson, 1983) . As is true of all prolamins, proteins in the zein fraction share the property of solubility in 70% ethanol, but they are structurally distinct. Classification of the various zein proteins was confounded by their differential solubility in aqueous solvents and by the ability of several proteins to form disulfide bonds (Wilson, 1983 (Wilson, , 1985 . Eventually, a widely accepted nomenclature system was developed that classified these proteins on the basis of their solubility and structural relationships as ␣ -, ␤ -, ␥ -, and ␦ -zeins (Esen, 1987; Coleman and Larkins, 1998) .
Zeins accumulate as accretions, called protein bodies, that form within the lumen of the rough endoplasmic reticulum (RER) (Lending and Larkins, 1989) . The smallest zeincontaining protein bodies, which are observed in subaleurone cells, consist primarily of ␤ -and ␥ -zeins. Larger protein bodies found in subaleurone and starchy endosperm cells contain, in addition to ␤ -and ␥ -zeins, mainly ␣ -and some ␦ -zeins. It appears that as storage protein synthesis progresses, the ␣ -and ␦ -zein proteins penetrate the matrix of ␤ -and ␥ -zeins, expanding the protein body into a spherical structure that reaches a diameter of 1 to 2 m. Some evidence suggests the ␥ -and ␤ -zein proteins play a role in ␣ -and ␦ -zein retention in the RER (Coleman et al., 1996; Bagga et al., 1997) , although the mechanisms by which this occurs have not been investigated.
␣ -Zeins were among the first storage protein genes to be described (Wienand et al., 1981; Pedersen et al., 1982) . Early studies showed that ␣ -zeins are encoded by a large multigene family, although estimates of its size and complexity varied significantly (Wilson and Larkins, 1984) . On the basis of DNA and RNA renaturation kinetics, Viotti et al. (1979) concluded that there are at least 15 non-cross-hybridizing zein sequences and 110 to 130 genes. Additional evidence supporting the large size and complexity of the gene families encoding these proteins came from the heterogeneity observed among zeins after separation by isoelectric focusing and SDS-PAGE. In contrast, Pedersen et al. (1980) determined that there are only two to four distinct zein mRNAs expressed in maize endosperm, each containing some unique and some repetitive nucleotide sequences and encoded by one to five gene copies. DNA gel blot hybridization provided evidence for a large number of ␣ -zein genes in the maize genome, with estimates ranging from 75 to 100 coding sequences (Hagen and Rubenstein, 1981; Wilson and Larkins, 1984) . The subsequent isolation and characterization of cDNA sequences from endosperm libraries provided evidence for the expression of multiple ␣ -zein genes, but not nearly as many as were implied by the number of coding sequences in the genome (Marks et al., 1985a (Marks et al., , 1985b . Because of the conflicting results and conclusions of these early studies, a number of questions remain unresolved regarding the nature and expression of ␣ -zein genes in maize endosperm.
In contrast to the ␣ -zeins, genes encoding the 15-kD ␤ -zein (Pedersen et al., 1986) , the 27-and 16-kD ␥ -zeins (Prat et al., 1987) , and the 10-and 18-kD ␦ -zeins (Kirihara et al., 1988; Chui and Falco, 1995) occur in only one or two copies in the genome. The evolutionary and physiological significance of the difference in the number of these genes, compared with ␣ -zeins, is unknown. It has been demonstrated that a number of ␣ -zein genes contain mutations that could affect their expression, suggesting that many of them are pseudogenes (Spena et al., 1983; Kridl et al., 1984) . Indeed, based on nuclear run-on transcription assays, the ␥ -zein genes are much more highly expressed than are the ␣ -zein genes, in spite of the greater quantity of the latter (Kodrzycki et al., 1989; Or et al., 1993) .
Nuclear run-on transcription assays showed expression of the various types of zein genes to be coordinately regulated during endosperm development and to begin ‫ف‬ 10 days after pollination (DAP) (Kodrzycki et al., 1989) . Using in situ hybridization techniques, Dolfini et al. (1992) showed evidence for striking spatial differences in the expression of 19-and 22-kD ␣ -zein genes and the 27-kD ␥ -zein gene. The significance of these observations for gene regulation and protein body formation was not investigated further.
In recent years, the development of extensive maize cDNA libraries, along with computer software to systematically characterize them, has made it possible to analyze the genes expressed in developing maize endosperm more thoroughly. We used this information to identify storage protein gene transcripts and to reassess the complexity of zein gene families and their expression in maize endosperm. Here, we report an analysis of zein gene complexity in the B73 maize inbred line and the development of gene-specific and antibody-specific probes that allowed us to investigate the pattern of storage protein gene expression in developing endosperm. This analysis revealed that, whereas there are multiple ␣ -zein coding sequences in the genome, a relatively small number of them are expressed in the endosperm. Using in situ hybridization, we demonstrated differences in the temporal and spatial expression among some zein gene families. The results extend previous observations describing the temporal accumulation of zeins in protein bodies and imply a functional role for ␥ -zeins in protein body initiation.
Our analysis of endosperm expressed sequence tag (EST) libraries identified three seed protein genes that were not reported previously. These include a novel 50-kD ␥ -zein protein, an ␣ -globulin protein similar to one found in rice endosperm, and a protein with characteristics of a legume 11S globulin. The results of these studies provide a comprehensive assessment of the expression of storage protein genes in maize endosperm.
RESULTS

Abundance and Classification of Endosperm Storage Protein Gene cDNAs in EST Databases
Cluster analysis of ESTs from cDNA libraries is a powerful tool to estimate the diversity and percentage of unique transcripts in mRNA populations. To estimate the abundance of individual RNA transcripts, a cluster analysis restricted to ESTs from nonnormalized libraries of the B73 inbred line was performed (see Methods). The longest clones, representing a unique cluster of endosperm-specific sequences, were obtained from these libraries and sequenced in their entirety. This identified 15 different, complete coding sequences that were grouped into the ␣ -, ␥ -, and ␦ -zein gene subfamilies of seed proteins and three abundant, endosperm-specific, non-zein seed protein sequences (Figure 1 ). Most of these sequences have been described previously (Marks et al., 1985b; Coleman and Larkins, 1998) , but the 50-kD ␥ -zein, the 18-kD ␣ -globulin, and legumin 1 are novel gene products. The percentage of these unique endosperm sequences was estimated by tallying the numbers of clustered ESTs of the corresponding contig and comparing that number to the total number of ESTs in the B73 nonnormalized endosperm libraries. Although each of these cDNA sequences contributed Ͼ 0.1% of the clones, their abundance varied widely. As expected (Shen et al., 1994) , zein-specific cDNA sequences accounted for nearly 50% of the clones, with ␣ -zeins ( ‫ف‬ 30%) and ␥ -zeins ( ‫ف‬ 15%) representing the most abundant transcripts.
Of the five 19-kD ␣ -zein transcripts detected, most ESTs were derived from only two genes, the 19-kD B1 and the 19-kD B3 ␣ -zeins. Similarly, the 22-kD Z1 ␣ -zein, a nonmutant allele of the floury2 gene (Coleman et al., 1997) , accounted for most of the 22-kD ␣ -zein transcripts. Figure 2 shows an alignment and dendrogram of deduced amino acid sequences of the nine expressed members of the ␣ -zein gene family. Although it is common to divide ␣ -zeins into two groups based on their SDS-PAGE migration (Coleman and Larkins, 1998) , this sequence alignment clearly reveals a division into three subgroups: 22-kD ␣ -zeins and the B and D subfamilies of 19-kD ␣ -zeins. Family members within each protein subgroup share 75 to 95% amino acid identity, whereas between subgroups only 40 to 55% of the residues are conserved. These differences provided the basis to develop specific antibodies for proteins in each subgroup. The underlined residues in Figure 2 indicate partial peptide sequences that were produced in bacteria and used for this purpose.
The genetic map positions of several 19-and 22-kD ␣ -zeins were reported (Soave et al., 1981; Soave and Salamini, 1984; Heidecker and Messing, 1986) , but the map position of the D ␣ -zein gene subfamily was unknown. Consequently, we mapped the two genes to the long arm of chromosome 1 by restriction fragment length polymorphism mapping (Table 1) .
In contrast to the ␣ -zeins, the ␥ -zein gene family is not complex and is represented by a relatively large number of ESTs. The 27-kD ␥ -zein and the 15-kD ␤ -zein each contribute ‫ف‬ 5% of the endosperm transcripts, followed by the 16-and 50-kD ␥ -zeins, with ‫ف‬ 3 and 1.5%, respectively (Figure (A) Polypeptides correspond to alleles of the 22-kD ␣ -zeins and the B and D subfamilies of 19-kD ␣ -zeins in the B73 inbred line (see Table 1 for GenBank accession numbers and abbreviations). Identical residues are shown in boldface, and similar amino acids and conservative changes are shaded. Underlined residues designate peptide sequences that were expressed in bacteria and used to develop subfamily-specific antibodies (see Methods).
(B)
Dendrogram showing an alignment of ␣ -zein polypeptides that correspond to W64A alleles (GenBank accession numbers M12143 [A1], 1). These levels of expression were corroborated by in situ hybridization (see below). The amino acid alignment and dendrogram of the ␥ -zein protein family are shown in Figure  3 . The 50-kD ␥ -zein was not described previously. Interestingly, it contains seven Lys residues (2.7% by weight), making it unique among zein proteins, which are devoid of this essential amino acid. We named the 50-kD ␥ -zein protein according to the convention to identify zeins based on their relative migration during SDS-PAGE (see below), but its predicted molecular mass is ‫ف‬ 33 kD (Table 1) .
Alleles of the 50-kD ␥ -zein gene from different inbred lines are highly conserved. Compared with the cDNA from B73, only one polymorphism, a 3-bp deletion at positions 409 to 411 of the nucleotide sequence, was detected in the corresponding cDNA from the Mo17 inbred line. This deletion was used to map the 50-kD ␥ -zein gene by pyrosequencing (Nyren et al., 1993) of DNA of a Mo17 ϫ B73 F2 population (Burr and Burr, 1991) to the long arm of chromosome 7 (Table 1). The map position of the 16-kD ␥ -zein was determined by restriction fragment length polymorphism mapping to be on the long arm of chromosome 2 (Table 1 ).
All ␥ -zeins share six highly conserved Cys residues as well as some other conserved polypeptide domains ( Figure  3 ). These features led to the classification of the 15-kD ␤ -zein as a member of the ␥ -zein family. Although its name does not accurately reflect this relationship, we retained the ␤ -zein designation for historical reasons. Both the 27-and 50-kD ␥ -zeins contain a large block of multiple tandem repeats at the N terminus. This block is missing in the 15-kD ␤ -and 16-kD ␥ -zeins, which consequently are of lower molecular weight. The block of repeats in the 27-kD ␥ -zein containing the hexapeptide PPPVHL is remarkably different from the much larger block of polyglutamine repeats in the 50-kD ␥ -zein. These differences in amino acid sequence allowed us to develop specific antibodies against these otherwise similar proteins. For this purpose, polypeptides (Figure 3, underlined) were either expressed in bacteria or synthesized chemically and used for immunization.
The sulfur amino acid-rich ␦ -zeins (Kirihara et al., 1988; Chui and Falco, 1995; Swarup et al., 1995) are encoded by only two genes and have the least abundant RNA transcripts among zeins ( Figure 1) . As shown by the alignment in Figure 4 , the 18-kD ␦ -zein differs from the 10-kD ␦ -zein by a highly repetitive and Met-rich 53-amino acid insertion in the central part of the molecule. Otherwise, the amino acid sequences are very similar to each other at the N and C termini. Figure 4 also compares the amino acid sequences of the alleles of the 18-kD ␦ -zeins in Mo17 and B73, which differ markedly (10%) from each other. Specific antibodies were raised with synthetic polypeptides against the region least conserved between the 10-and 18-kD ␦-zeins from the inbred line B73 (underlined in Figure 4) . Interestingly, the B73 18-kD ␦-zein antibody did not cross-react with the 18-kD ␦-zein protein from Mo17, indicating very high specificity (data not shown).
Only three endosperm-specific non-zein seed protein genes were identified in the analysis of endosperm cDNA libraries, and they represent 0.5 to 1.5% of the clones ( Figure  1 ). The Hageman factor inhibitor is an endosperm-specific protease inhibitor, and the 18-kD ␣-globulin and legumin 1 are proteins with close homologs in other plants, including other cereals (see below). With the exception of eEF1-␣ (GenBank accession number AF136823), ␣-1 tubulin (X73980), and enolase (P26301), no single gene with a nonstorage function contributed Ͼ0.1% of the endosperm cDNAs.
Based on the cDNA database analysis, the 18-kD ␣-globulin appears to be the only member of this protein family in maize. DNA gel blot analysis also identified only one gene (data not shown). The Mo17 and B73 alleles of the 18-kD ␣-globulin are polymorphic, and this enabled the gene to be mapped by pyrosequencing (Nyren et al., 1993) of DNA from a Mo17 ϫ B73 F2 population to the long arm of chromosome 6 (Table 1) . Diverse homologs of the 18-kD ␣-globulin can be recognized in other cereal species, as shown in the sequence alignment presented in Figure 5 .
Identification of Maize Storage Proteins in Endosperm Extracts
The analysis of endosperm storage protein genes made it possible to develop specific antibodies that could distinguish between members of each family of proteins (see above and Table 1 ) and, consequently, provided tools to identify them accurately in SDS-PAGE separations of endosperm proteins. Figure 6A (Table 1 ). The bootstrapping values of all internal branches exceeded 95% (data not shown), strongly supporting the correct topology of the dendrogram. The branches of the three ␣-zein subfamilies are indicated. The nomenclatures of Heidecker and Messing (1986) and Rubenstein and Geraghty (1986) are shown in parentheses. Family members within the three subgroups share 75 to 95% identical amino acid residues, and there is 40 to 55% identity between residues in subgroups. 19-kD B2 ␣-zein gene (Figure 2) , which, in contrast to other 19kD ␣-zein polypeptides, contains a 33-amino acid insertion in the central part of its sequence. The 22-kD ␣-zein antibody labels a single protein band at 22 kD, and the antibody against the 19-kD ␣-zein D subfamily binds a protein that migrates slightly faster than does the B subfamily of ␣-zein polypeptides ( Figure 6C , lanes 1 to 3).
Among the ␥-zeins, the strongest Coomassie bluestained band is the 27-kD ␥-zein, which represents an estimated 15 to 20% of the SDS-extractable endosperm pro- Burr et al., 1988; Lopes et al., 1995. b This paper. c Weerakoon et al., 1993. d Swarup et al., 1995. e Benner et al., 1989. f Zein subfamily z1D/SF3 (Heidecker and Messing, 1986; Rubenstein and Geraghty, 1986) . g Zein subfamily z1B/SF2 (Heidecker and Messing, 1986; Rubenstein and Geraghty, 1986) . h Zein subfamily z1A/SF1 (Heidecker and Messing, 1986; Rubenstein and Geraghty, 1986) . i Zein subfamily z1C/SF4 (Llaca and Messing, 1998; Rubenstein and Geraghty, 1986) .
tein. The next most abundant proteins are the 15-kD ␤-and 16-kD ␥-zeins. Least abundant, but clearly discernible, is the 50-kD ␥-zein ( Figures 6A and 6B ). The relative mobility of this protein differs markedly from its calculated molecular mass of ‫33ف‬ kD (Table 1 ). The 10-kD ␦-zein is a moderately abundant polypeptide that is clearly detectable after Coomassie blue staining. The 18-kD ␦-zein and the 18-kD ␣-globulin both migrate slightly ahead of the 19-kD ␣-zeins ( Figure  6C , lanes 4 and 5). However, both are minor polypeptides and are possibly obscured by the ␣-zeins. They are not clearly discernible in SDS-PAGE gels after Coomassie blue staining ( Figure 6A , asterisk).
Storage Protein Genes Have Different Spatial and Temporal Patterns of Expression during Endosperm Development
We examined the spatial and temporal expression of the 50-kD ␥-zein and 18-kD ␣-globulin genes relative to previously described classes of zein genes (Dolfini et al., 1992) .
Longitudinal sections of W64A kernels were prepared at various stages of development and hybridized with antisense RNA probes. To minimize variation between kernels used for these experiments, two or three comparable serial sections of kernels at the same developmental stage were used for hybridization with sense and antisense probes for each of the genes examined. The sense probes revealed no background hybridization and therefore are not illustrated, because the embryo and pericarp in each section provided an internal negative control. The alkaline phosphatase (AP) reaction was allowed to proceed to the point of nonspecific color reaction in the pericarp and embryo.
Figures 7 and 8 show typical images of in situ hybridization for eight different seed protein genes at four developmental stages. We examined a D subfamily (19-kD ␣-zein D1) and two B subfamily (19-kD ␣-zein B1 and B3) genes, the latter of which correspond to the W64A A/B1/B2 and C1 sequences, respectively (Marks et al., 1985a) . Because the spatial and temporal expression of these genes were identical but the level of the 19-kD B1 ␣-zein transcript was greater than that of B3 and D1, only the results of the 19-kD B1 ␣-zein are presented. At 10 DAP, transcripts encoding the 22-kD ␣-zeins appeared in a narrow vertical stripe on the adgerminal side of the endosperm. The pattern of 19-kD B1 ␣-zein transcript distribution is nearly identical to that of the 22-kD ␣-zeins at this stage, suggesting that this pattern generally is characteristic of ␣-zein gene expression (Figures 7A and 7B) . By 15 DAP, 22-kD ␣-zein transcripts were detected in most areas except the central and basal regions of the endosperm. The intensity of the signal was greater in the peripheral than in the central region of the endosperm ( Figure 7E ). At this stage, expression of the 19-kD B1 ␣-zein was greatest at the periphery of the endosperm, although it was detected in the central, starchy endosperm cells as well. At 20 DAP, the transcripts of 22-kD ␣-zeins were confined mainly to the peripheral regions of the endosperm, whereas they were restricted to the peripheral regions of the lower half of the endosperm at 25 DAP ( Figures 7I and 7M) . The 19-kD B1 ␣-zein transcripts were found throughout most regions of the 20-DAP endosperm, but their spatial distribution pattern was similar to that of 22-kD ␣-zein at 25 DAP ( Figures 7J and 7N) .
In contrast to ␣-zein genes, the 27-kD ␥-zein was highly expressed throughout the endosperm by 10 and 15 DAP ( Figures 7C and 7G ). At these stages, the 27-kD ␥-zein RNA showed the highest AP signal intensity with the shortest incubation time, indicating that it is likely to be the most abundant zein transcript during early stages of endosperm development. Like the 22-kD ␣-zein, expression of the 27-kD ␥-zein was not detected in some cells of the central starchy endosperm by 20 DAP ( Figure 7K ). However, the 27-kD ␥-zein transcripts occurred more extensively than did the ␣-zeins in the central starchy endosperm at 20 and 25 DAP. Instead of a gradual decrease in signal intensity, as observed in Figure 7I , the very central starchy endosperm cells showed no evidence of 27-kD ␥-zein RNA at 20 DAP, causing a clear boundary between cells in this region. By 25 DAP, expression of the 27-kD ␥-zein was restricted to the lower half of the endosperm ( Figure 7O ).
The spatial expression pattern of the 16-kD ␥-zein was similar to that of the 27-kD ␥-zein at all developmental stages examined ( Figures 7D, 7H , 7L, and 7P). However, the intensity of 16-kD ␥-zein signal was consistently less than that of 27-kD ␥-zein, even though the AP color reaction was performed for a few hours longer. A relatively high signal for the 16-kD ␥-zein in the subaleurone cells of the crown region of 25-DAP endosperm was characteristic and distinguished it from the spatial pattern of the 27-kD ␥-zein gene ( Figure 7P ).
Although the spatial expression of the 50-kD ␥-zein was similar to that of the 16-and 27-kD ␥-zeins at all developmental stages, its RNA transcripts were significantly less abundant than those of either of the other two ␥-zeins. At 10 DAP, the signal for the 50-kD ␥-zein RNAs was detected only weakly throughout the endosperm, but it increased by 15 DAP (cf. Figures 8A and 8E) . In 20-and 25-DAP endosperms, relatively high levels of 50-kD ␥-zein RNAs were found in the crown and the adgerminal regions ( Figures 8I  and 8M ).
The spatial expression of the 15-kD ␤-zein was very similar to that of the 27-kD ␥-zein during endosperm development; however, the level of RNAs was more similar to that of the 50-kD ␥-zein at the stages examined ( Figures 8B, 8F , 8J, and 8N). A higher level of 15-kD ␤-zein RNA in the peripheral region of abgerminal endosperm at 20 DAP was one characteristic that distinguished it from the expression patterns of the 16-and 50-kD ␥-zeins ( Figure 8J ).
There was little evidence of 10-kD ␦-zein RNA transcripts in 10-DAP endosperm ( Figure 8C ). We also observed expression of the 10-kD ␦-zein in only two small regions of the adgerminal and abgerminal endosperm at 15 and 20 DAP (Figures 8G and 8K) . At 25 DAP, the signal was restricted mainly to the abgerminal endosperm ( Figure 8O ).
The temporal and spatial expression of the 18-kD ␣-globulin had to be analyzed at a higher level of magnification because of its extremely low level of expression. RNA transcripts, which were detectable only by 20 DAP (Figure 8L ), were confined primarily to the subaleurone layer and two or three of the outermost starchy endosperm cell layers. Although the apparent level of RNAs for all of the other genes examined decreased after 15 DAP, the 18-kD ␣-globulin showed a noticeable increase in transcript level at 25 DAP ( Figure 8P ).
Localization of the 50-kD ␥-Zein and 18-kD ␣-Globulin Proteins in Endosperm Cells
Despite having an apparently lower level of RNA transcripts than the 16-and 27-kD ␥-zein genes, the 50-kD ␥-zein is widely expressed throughout the endosperm with a comparable pattern of spatial and temporal expression. The distribution of the 50-kD ␥-zein protein in protein bodies was examined by immunolocalization with a rabbit polyclonal antibody and gold-conjugated secondary antibodies. The 10-nm gold particles identifying the 50-kD ␥-zein protein were found mostly at the periphery of protein bodies, which (A) The polypeptides correspond to alleles of the 16-, 27-, and 50-kD ␥-zeins and the 15-kD ␤-zein in the B73 inbred line (for GenBank accession numbers and abbreviations, see Table 1 ). Conserved Cys residues are indicated with asterisks. Identical residues are shown in boldface, and similar amino acids and conservative changes are shaded. Underlined residues indicate peptide sequences that were either expressed in bacteria or synthesized chemically and used to develop monospecific antibodies (see Methods).
(B) Dendrogram of the alignment shown in (A).
The bootstrapping values of all internal branches exceeded 95% (data not shown).
are surrounded by RER membranes (Figures 9A and 9C ). In contrast, 5-nm gold particles labeling a 19-kD ␣-zein were distributed primarily in the central region of the protein bodies ( Figure 9C ). Single immunolabeling of the 50-kD ␥-zein ( Figure 9A ) resulted in a slightly greater number of gold particles per protein body than with double labeling ( Figure 9C ). It was observed consistently that the density of the 50-kD ␥-zein labeling was greater in the small protein bodies of subaleurone cells than in the larger protein bodies of starchy endosperm cells (data not shown). This feature of 50-kD ␥-zein localization in protein bodies is similar to that of the 27-kD ␥-zein and the 15-kD ␤-zein, as described previously by Lending and Larkins (1989) .
Immunogold labeling with antibodies against the 18-kD ␣-globulin identified a novel type of protein body in maize endosperm cells (arrowheads in Figures 9B, 9D, and 9E ). This protein was found mainly in protein accretions enclosed in smooth, vacuole-like membranes, distinct from the RER-surrounded, zein-containing protein bodies (cf. Figures 9A and 9C) . A few gold particles labeling the 18-kD ␣-globulin were found decorating the RER-surrounded zein protein bodies, and these were more obvious in single immunolabeled images ( Figure 9B) . Considering the low level of background labeling, as exemplified in the double labeled images by the total absence of 19-kD ␣-zein label from the vacuole-like protein bodies, this result suggests the possibility of a small amount of 18-kD ␣-globulin in zein-containing protein bodies ( Figures 9B and 9D) .
The18-kD ␣-globulin-containing protein bodies were distinguished readily from zein-containing protein bodies based on the empty space between the protein accretion and the surrounding membrane, which is not decorated by ribosomes ( Figures 9B, 9D, and 9E ). In the absence of immunostaining for the 18-kD ␣-globulin, these protein bodies were hardly distinguishable from zein-containing protein bodies, especially when protein completely filled the vacuole-like structure. However, there are two additional physical features that distinguish these vacuole-like protein bodies from zein-containing protein bodies in the RER: (1) they have a dark appearance resulting from higher, more homogenous heavy metal staining throughout the protein body, and (2) they generally have an irregular shape, particularly those in subaleurone and the first and second starchy endosperm cell layers. In the subaleurone layer, 18-kD ␣-globulin-containing protein bodies are small and irregular in shape, and they occupy only a portion of the vacuole-like structure. In cells of the third starchy endosperm layer, these protein accretions are more spherical and fill the entire vacuole-like structure, so empty space between the protein body and the membrane was not apparent. This may indicate that these protein bodies begin to form in a vacuolelike structure of more or less fixed size and then gradually enlarge to fill the entire vacuole as the cell matures. By the eighth inner starchy endosperm cell layer, these vacuolelike protein bodies are up to two to three times the size of zein protein bodies and become more spherical (data not shown). In addition, the immunolabeling density of the 18-kD ␣-globulin decreased notably (data not shown), suggesting the deposition of other kinds of proteins. In these cells, the frequency of vacuole-like protein bodies was estimated at ‫3ف‬ to 5% of the total number of protein bodies, based on transmission electron micrographs like that shown in Figure 9E .
DISCUSSION
EST Databases Reveal Novel Information Regarding Patterns of Gene Expression
Despite the fact that maize endosperm storage protein genes have been studied for many years and were among The polypeptides correspond to the 18-and 10-kD ␦-zein alleles of the B73 inbred line (see Table 1 for GenBank accession numbers and abbreviations) and the ␦-zein allele of the Mo17 inbred line (Swarup et al., 1995 ; GenBank accession number U31541). Identical residues are shown in boldface, and conservative changes are shaded. Underlined residues indicate peptide sequences that were synthesized chemically and used to develop specific antibodies (see Methods).
the first plant genes characterized in detail, many questions regarding their sequence relationships and expression levels have not been resolved. The development of tools for genome-wide studies of gene families and for large-scale gene expression analysis make a comprehensive analysis of storage protein gene expression in maize endosperm possible. We obtained qualitative and quantitative information on maize endosperm genes by screening the DuPont-Pioneer genome database of ‫000,084ف‬ ESTs. Approximately onetenth of the ESTs in this collection originated either from dissected endosperm or from whole kernel cDNA libraries and, based on computational tools (cluster analysis using the PHRAP algorithm), this subset contains ‫000,21ف‬ distinct sequences. It must be emphasized that these ESTs are the result of single-pass DNA sequencing reactions; consequently, they contain many errors and ambiguities. These types of errors tend to contribute to an inflated count of distinct or unique sequences. The number of ESTs in clusters can be used to estimate tissue-specific transcript levels. These numbers are potentially biased, because certain RNA transcripts might be poor substrates for cDNA synthesis and certain cDNAs might be affected selectively during cloning. Although software algorithms (e.g., assignment of PHRED scores [Ewing et al., 1998 ]) have become more and more sophisticated in addressing some of these issues, most of these problems are inherent in EST-based analysis and cannot be resolved without additional experimentation. A satisfactory solution to some questions requires the complete genome sequence. For instance, based on EST data, the number of distinct human genes was estimated to ex- (A) Conserved Cys residues are indicated with asterisks. Identical residues are shown in boldface, and similar amino acids and conservative changes are shaded. The "Trp box" in wheat puroindolin and a similar Trp-rich sequence in the maize 18-kD ␣-globulin are underlined. The unique wheat HMW glutenin repeat domain between residues 217 and 616 was omitted for brevity. GenBank accession numbers are as follows: maize ␣-globulin, AF371278; wheat HMW glutenin, P08488; rice ␣-globulin, D50643; and wheat puroindolin b, X69912.
(B) Dendrogram of the alignment shown in (A).
ceed 100,000 (Liang et al., 2000) . However, based on the initial analysis of the human genome sequence (Lander et al., 2001; Venter et al., 2001) , the number of genes is surprisingly only approximately one-third of that estimate.
For this study, we applied a number of procedures to increase the accuracy of the data and improve the validity of our conclusions. First, throughout most of the analyses, we considered ESTs from only one maize inbred line (B73). This reduced the EST pool size to ‫,000,052ف‬ which was important to accurately estimate gene expression, which could differ between inbred lines. But even more important, this increases the accuracy of distinguishing alleles among gene paralogs. Extensive sequence polymorphisms exist between alleles of maize endosperm storage protein cDNA sequences in public and proprietary databases (data not shown), reflecting the diversity of the maize germplasm. This allelic polymorphism often exceeds sequence differences between paralogs (i.e., between different but phylogenetically closely related genes). For example, the 22-kD ␣-zein genomic locus of the inbred line BSSS53 (Llaca and Messing, 1998) has been sequenced completely, and it contains 23 different 22-kD ␣-zein paralogs. However, we were able to identify with certainty only one 22-kD ␣-zein gene in B73 with a corresponding BSSS53 allele.
The estimates of gene expression levels presented in this study were based exclusively on ESTs of randomly selected clones (i.e., from libraries with the smallest biases). Although the corresponding EST set from endosperm comprised only 6732 sequences, a relatively small number compared with the whole data set, it appeared large enough to identify medium level and abundantly expressed transcripts (represented at Ͼ0.1%). Our analysis specifically targeted seed protein-related gene sequences (i.e., transcripts that would fall into this category). The ESTs were BLAST searched against known seed protein sequences from maize and other species, and all relevant, putatively distinct full-length or conspicuous sequences were verified by full-insert DNA sequencing. In this context, ‫%05ف‬ of the ESTs were recognized as seed protein-related sequences, mostly zeins, in accordance with earlier studies (Shen et al., 1994) , and full-insert sequences were obtained for Ͼ300 clones. Noteworthy, and illustrating the precautions to be taken when using solely computer-based analysis of EST data sets, the ESTs of most clones selected for sequencing fell into the category of singletons based on the PHRED-PHRAP algorithm. Nevertheless, after sequencing, the majority of these "singletons" turned out to be either cDNA cloning artifacts (fusions between different transcripts, large deletions, etc.) or matched contig sequences with Ͼ99% identity. In addition to ambiguities among ESTs that are the result of sequencing errors, real mutations can be introduced during cDNA cloning. Full-insert sequencing does not necessarily reveal these errors as cloning artifacts. To avoid overreporting of such sequences as independent gene derivatives, we considered sequences to represent a distinct gene only when at least two perfectly matched sequences were found among cDNAs from independently generated libraries. Applying this criterion, one 19-kD ␣-zein gene (GenBank accession number AF371273) was found to encode a truncated polypeptide. All four independent cDNA clones of this gene contained the same in-frame stop codon. Genomic sequences of zein genes that encode truncated polypeptides have been described previously (Wandelt and Feix, 1989; Llaca and Messing, 1998) . However, it is interesting to find transcriptional activity associated with such a gene.
After the database search and reiterative cluster analysis and sequencing, we identified 20 unique endosperm-specific cDNAs. In addition to the ESTs from randomly chosen endosperm clones, a second EST data set of ‫000,06ف‬ sequences, derived from normalized and subtracted endosperm and kernel libraries, was searched for additional unique endosperm expressed protein genes. However, none were found. Therefore, we are confident that the sequences reported here constitute all of the highly expressed seed protein genes in the inbred line B73. Our data generally corroborate the results from earlier studies using RNA hybridization-based approaches (Marks et al., 1985a; Kodrzycki et al., 1989; Liu and Rubenstein, 1993; Or et al., 1993) . However, aside from cloning biases (see above), the EST tallying approach allowed direct comparison of expression levels among different genes, and as long as contigs were not overly clustered, it also allowed differentiation between closely related genes. These types of data cannot be obtained easily by hybridization methods, including hybridization-based microarray technologies.
A Relatively Small Number of ␣-Zein Genes Are Highly Expressed in Maize Endosperm
The ␣-zeins in B73 are encoded by a large multigene family containing ‫57ف‬ members. Three almost equally diverged subfamilies (19-kD ␣-zein B, 19-kD ␣-zein D, and 22-kD ␣-zein) can be recognized (Figure 2) . The nucleotide sequence identities between and within them are between 56 and 67% and between 80 and 99%, respectively. Consequently, it is possible to differentiate between members of these subfamilies (but not within) by hybridization with labeled RNA or DNA probes. The inbred line W64A expresses genes corresponding to all three ␣-zein gene subfamilies (Marks et al., 1985a (Marks et al., , 1985b , and this relationship permitted us to use B73 cDNAs to create RNA probes for in situ hybridization experiments with W64A endosperm to assess the temporal and spatial expression of these genes. The B73 19-kD B1 ␣-zein would cross-hybridize to the 19A, 19B1, and 19B2 sequences of W64A, and the B73 19-kD B3 sequence would cross-hybridize to the 19C1 and 19C2 sequences of W64A (Marks et al., 1985b) . The 19A and 19B genes are two of the most highly expressed ␣-zeins in W64A (Marks et al., 1985a) ; there is near sequence identity between the 22-kD ␣-zeins in both inbred lines. However, W64A expresses the 10-kD ␦-zein but not the 18-kD ␦-zein.
Approximately 200 different ␣-zein-related DNA sequences have been submitted to GenBank during the last 20 years (ESTs not included). These submissions by different authors relate to sequences from a variety of maize inbred lines. There were attempts to classify these genes (Heidecker and Messing, 1986; Rubenstein and Geraghty, 1986) , but unfortunately, conventions for naming ␣-zeins are inconsistent and confusing. However, a comprehensive phylogenetic analysis of ␣-zeins, in conjunction with the assignment of coherent names, should await complete sequencing of genomic loci. In this regard, a genomic sequence containing the 22-kD ␣-zein gene subfamily on chromosome 4S of the BSSS53 inbred line was reported recently (Llaca and Messing, 1998) .
It is striking that in B73 endosperm only three 22-kD ␣-zein genes were found to be highly expressed, one at a very high level (Figure 1) , indicating that the majority of the genes in this subfamily are either inactive or expressed at very low levels. A similar pattern of gene expression for 22-kD ␣-zeins in other maize inbred lines has been observed as well (J. Messing, personal communication). The 19-kD ␣-zein gene subfamilies also have been estimated to be large, consisting of ‫55ف‬ members (Wilson and Larkins, 1984) . However, like the expression pattern of the 22-kD ␣-zeins, we detected only three cDNAs of 19-kD ␣-zein B genes and two 19-kD ␣-zein D genes in B73 endosperm. The expression of the gene encoding the 19-kD ␣-zein B1 is remarkably high; it contributes almost 16% of the RNA transcripts. Consequently, these data suggest large differences in promoter strength or mRNA stability among the ␣-zein genes. These differences could be an important consideration for the selection of potentially strong promoters for use in transgenic plants. However, most ␣-zein genes are the result of recent gene duplications, and their promoters show considerable sequence similarity. The elements that direct large differences in promoter strength, therefore, are not obvious; thus, the identification of a strong promoter might not be a simple task.
The detection of a small number of highly expressed ␣-zein genes in B73 endosperm is consistent with the results of Pedersen et al. (1980) and Marks et al. (1985a) in studies of W64A. Because only a few distinct mRNAs constitute the zein cDNA population, with ␣-zeins containing short, repeated nucleotide sequences (Marks et al., 1985b) , we would predict complex Rot hybridization kinetics and a Cot value that is two to five times the single-copy rate. Other members of these gene families could be expressed at very low levels; hence, their transcripts would not be detected among the ESTs. Identical lanes were cut from the blots and incubated with the designated monospecific antibody (for abbreviations, see Table 1 ). However, we believe it is more likely that these genes are repressed by one mechanism or another (Lund et al., 1995) .
The expansion of multigene families by gene duplication is thought to provide evolutionary advantages by providing a mechanism to develop new or enhanced gene functions (Lynch and Conery, 2000) . For instance, under certain conditions, increased expression caused by a duplicated gene could provide a selective benefit. In this regard, the expansion of the ␣-zein gene family could be viewed as an adaptation to meet the need to massively synthesize ␣-zein proteins as a nitrogen reserve in seed. However, this "gene dosage" hypothesis does not appear to be valid in view of the surprising finding that very few ␣-zein genes, possibly Ͻ10% of the gene family members, are actively expressed. ␣-Zeins are small proteins that contain multiple peptide repeats, and the respective coding regions create repetitive nucleotide sequences (Coleman and Larkins, 1998) . Repeated DNA sequences are especially prone to unequal crossing over during recombination, which can lead to high rates of gene mutation. The expansion of the ␣-zein gene family as an adaptation to counteract such mutations has been proposed by Messing and co-workers (Heidecker and Messing, 1986; Das et al., 1990; Heidecker et al., 1991) . Although this is a plausible explanation, other highly expressed storage protein genes (e.g., the ␥-zeins) also contain regions of repetitive nucleotide sequences, but the ancestors of these genes did not undergo extensive gene duplications and expand the gene family.
␥-and ␦-Zein Genes Are Highly Expressed Relative to Their Copy Number
In addition to ␣-zeins, Figure 1 shows transcript levels of eight other endosperm protein genes, including ␥-and ␦-zeins and several non-zein proteins, that are highly expressed in maize endosperm. The genetic map positions of several of these genes were known (Benner et al., 1989; Weerakoon et al., 1993; Lopes et al., 1995; Swarup et al., 1995; Llaca and Messing, 1998) , and we determined those of several other genes in the course of this study (Table 1) . DNA gel blotting (data not shown) indicated one copy of each gene at these loci. Consequently, in contrast to the ␣-zeins, we found no evidence for inactive genes or pseudogenes.
The ␥-zein gene family in B73 is composed of four members. Two of the encoded polypeptides, the 15-kD ␤-zein and the 16-kD ␥-zein, are relatively low molecular weight polypeptides and perhaps similar to the ␥-zein ancestral gene. It is possible that the two other members of this gene family, the 27-and 50-kD ␥-zeins, arose independently from duplicated copies of the ancestral gene as a result of the insertion of tandem repeat domains. The low complexity Prorich domains of the 27-kD ␥-zein and the Gln-rich peptide domains of the 50-kD ␥-zein have the potential to be involved in protein-protein interactions (Chen et al., 1997) and the oligomerization of proteins (Hughes and Olson, 2001 ).
These domains could play a role in the initiation of protein body formation, a function consistent with previous reports (Bagga et al., 1997; Coleman et al., 1996; see below) .
The 50-kD ␥-zein is a novel protein. By creating monospecific antibodies (Figure 5 ), we were able to identify the corresponding protein after SDS-PAGE with an apparent molecular mass of 50 kD. This electrophoretic mobility is surprising given the calculated molecular mass of 33 kD for the mature protein (Table 1) . In previous studies, the 50-kD ␥-zein was misidentified as a dimer of the 27-kD ␥-zein (Lopes and Larkins, 1991) because it cross-reacts with antibodies developed against the complete 27-kD ␥-zein. Because of this result and similar observations, we decided to develop monospecific antisera against each of the zein proteins based on predicted amino acid sequences using either bacterially expressed or chemically synthesized peptides as antigens (Table 1) . In contrast to a method that relies on protein purification from seed, this approach entirely avoids possible cross-contamination with other endosperm proteins and thus allows a more rigorous interpretation of the immunodetection data. As a result, we obtained antibodies that are selectively able to distinguish between each of the four ␥-zein proteins, each of the two ␦-zein proteins, and the three subfamilies of ␣-zein proteins. With these antisera, we were able to clarify several questions regarding the identity of polypeptide bands separated by SDS-PAGE ( Figure 5 ). As mentioned above for the 50-kD ␥-zein, a remarkable property of many maize endosperm storage proteins is a large disparity between the observed electrophoretic mobility in SDS-PAGE and the predicted mobility based on calculated molecular weights (summarized in Table 1 ). All ␣-and ␦-zein polypeptides, as well as the two low molecular weight ␥-zeins, migrate ‫02ف‬ to 25% faster in SDS-PAGE than predicted. The 27-and 50-kD ␥-zein proteins, in contrast, show 25 and 50% retardation, respectively, in electrophoretic mobility. We observed similar migration discrepancies with their bacterially expressed glutathione S-transferase fusion proteins. The unusual electrophoretic behavior of zeins, therefore, likely is associated with the secondary structure of the tandem peptide repeat regions of these proteins.
Among maize prolamins, ␦-zeins are encoded by the smallest number of transcripts; they appear to be expressed at about the same level as the 18-kD ␣-globulin and legumin 1 (see below). The sequence polymorphism between the 18-kD ␦-zeins of the B73 and Mo17 inbred lines is remarkable (Figure 4) . The polypeptides are 90% identical, but the B73 allele encodes five fewer Met residues than the Mo17 allele. Alleles from other maize inbred lines show a similar degree of polymorphism but of different haplotypes (data not shown). This variability suggests low evolutionary pressure on the 18-kD ␦-zein genes to maintain a primary protein structure and also indicates little or no selection for alleles during the domestication of maize. This supports earlier findings of Swarup et al. (1995) indicating that the high Met trait in wild and exotic germplasm may have escaped selection during the early cultivation of maize. Dolfini et al. (1992) described the localization of RNAs encoding a 19-and a 22-kD ␣-zein and the 27-kD ␥-zein based on in situ hybridization in W64A endosperm. They found that transcript levels peaked at 17 DAP, and the spatial pattern of expression was distinctly different for 19-and 22-kD ␣-zein genes. Furthermore, expression of the 27-kD ␥-zein was not uniform during the early stages of endosperm development. In contrast, we found similar patterns of transcript distribution for different ␣-zein subfamilies and clear temporal and spatial differences in the distribution of other storage protein RNA transcripts. Although RNAs of most genes were detected by 10 DAP, at this stage, ␣-zein transcripts are not highly abundant and are restricted to a small area on the adgerminal side of the endosperm. In contrast, members of the ␥-zein family, in particular the 27-and 16-kD ␥-zein and the 15-kD ␤-zein, are highly and uniformly expressed throughout the starchy endosperm. This finding suggests that the earliest forms of protein bodies would contain primarily ␥-zeins, consistent with the immunolocalization studies of Lending and Larkins (1989) . These data support the hypothesis of a functional role for ␥-zeins in protein body assembly, which has been suggested by several other studies (Bagga et al., 1997; Coleman et al., 1996) .
Seed Protein Genes Have Distinct Patterns of Temporal and Spatial Expression
RNA transcripts of ␣-and ␥-zeins were detected throughout most regions of the starchy endosperm by 15 DAP, except the aleurone and basal transfer cells. However, expression of the 10-kD ␦-zein and the 18-kD ␣-globulin, which occurred at a reduced level compared with the other seed protein genes, was restricted primarily to a few cells of the abgerminal side of the endosperm. The physiological significance of the localized expression of these genes is unclear, but this observation implies that the composition of protein bodies varies in different regions of the endosperm. By 20 DAP, we did not detect significant amounts of zein RNAs near the crown and center of the starchy endosperm. Our inability to detect zein RNA transcripts, particularly the ␥-zeins, in these regions could be attributable to high concentrations of starch in these cells. However, it has been shown that cell death commences in these areas between 16 and 20 DAP (Young et al., 1997) , and the sharp boundary we observed between the cells that contained RNA transcripts and those that did not is consistent with this explanation. After 20 DAP, the most active area of storage protein synthesis appeared to be restricted to the peripheral and basal regions of the endosperm.
Novel Globulin Proteins in Maize Endosperm
Although zeins are by far the most abundant seed proteins in maize endosperm, our results demonstrate that in the B73 inbred line, at least, there are two novel types of globulin proteins. The maize legumin 1 (GenBank accession number AF371279) differs from other members of the 11S globulin protein family by the lack of an almost canonical asparaginyl endopeptidase cleavage site (R. Jung, unpublished data). The second novel globulin from endosperm, the 18-kD ␣-globulin, shares significant sequence homology with a previously described rice ␣-globulin gene (Nakase et al., 1996) and a wheat high molecular weight glutenin (GenBank accession number D50643). Despite contrasting solubility characteristics and, consequently, the classification of these sequences as globulins and prolamins (glutenins), all members of the ␣-globulin family share conserved Cys residues and homologous N-terminal as well as C-terminal peptide domains. The 18-kD ␣-globulin contains a Trp-rich cluster ( Figure 5, underlined sequence) . A similar Trp-rich sequence ( Figure 5 , underlined) was found in puroindolin b (Gautier et al., 1994) , a protein implicated in the endosperm hardness of wheat grain. The closest related sequence to the 18-kD ␣-globulin found in the GenBank database is a rice ␣-globulin (accession number D50643; Figure 5 ), and because the maize polypeptide is soluble in saline solutions (data not shown), that is, it is a globulin, we derived its name in reference to the rice protein. This protein appears to be deposited primarily in vacuole-like structures in endosperm cells, although it was detected in zein-containing protein bodies as well when immunolabeling was done with 18-kD ␣-globulin antiserum alone. We could not confirm the identity of these structures as protein storage vacuoles, because they could not be immunolabeled with an ␣-TIP antiserum from bean (data not shown); however, the membranes showed no evidence of ribosomes, in clear contrast to the zein-containing protein bodies. Because the density of immunogold labeling decreased as these protein bodies enlarged, we believe that they may contain other types of proteins, such as the 11S globulin-related protein. Unfortunately, the antiserum we produced against this protein reacted in immunoblots but failed to detect the legumin 1 protein in thin sections of developing endosperm. Experiments are in progress to characterize the synthesis and subcellular trafficking of the 18-kD ␣-globulin and legumin 1 proteins in developing maize endosperm.
METHODS
Construction of Endosperm cDNAs and Expressed Sequence Tag Databases
RNAs were isolated using TriZol reagent (Gibco BRL, Gaithersburg, MD) from dissected frozen maize (Zea mays) endosperm (inbred line B73) harvested from greenhouse-grown plants at 11, 13, 15, 18, 21, 24, 27, 29, 30, 35 , and 40 days after pollination (DAP). cDNA synthesis was performed using a SuperScript II kit, and cloning was into NotI-SalI sites of the pSPORT1 vector (Gibco BRL). Inserts of ‫006ف‬ randomly chosen clones from each library were sequenced by Human Genome Systems (Rockville, MD) from the 5Ј end to obtain expressed sequence tags (ESTs). The sequence information of 6732 EST accessions pertaining to these cDNA libraries is maintained in the central DuPont-Pioneer genomics database and is accessible via database interface software. We also analyzed ‫000,084ف‬ maize ESTs representing 215 cDNA libraries, including 25 endosperm and whole kernel cDNA libraries from other inbred lines, and identified Ͼ10,000 different accessions that either resemble previously described maize storage protein gene family members or show homology with seed storage protein genes from other species.
Clustering, Identification, and Analysis of Abundant Endosperm and/or Storage Protein ESTs and cDNA Sequences
EST sequences from B73 endosperm libraries were first evaluated using PHRED-assigned quality scores (Ewing et al., 1998) and, after removal of short, low-complexity, and low-quality sequences, the similarity relationship (clustering) between ESTs was established using the BLAST algorithm (Altschul et al., 1990) . EST clusters were subjected subsequently to a sequence assembly process using the PHRAP algorithm (http://www.phrap.org/phrap.docs/phrap.html). The resulting database of contigs and singletons was annotated systematically by searching (BLAST) against publicly available DNA and protein sequences. Sequences with homology with known seed storage proteins and ESTs that clustered into contigs of at least 50 sequences (termed abundant cDNAs) were tallied into a separate database. As a result, ‫0053ف‬ EST accessions formed an initial group of ‫002ف‬ mostly zein-related sequences, singletons, and contigs. These sequences were inspected thoroughly for excess and deficient clustering by visual and pairwise sequence alignments (BLAST, ClustalW, Gap), which resulted in ‫05ف‬ putatively unique sequences. The longest clone representing each of these sequences was obtained from the libraries, and both strands of each insert were sequenced by either primer walking or sequencing of nested sets of deletion subclones. The identification and clustering of unique storage protein or endosperm-abundant sequences were further refined by repeated pairwise BLAST searches and by searching the entire B73 endosperm EST subdatabase again using both the full-length insert nucleotide sequences and their deduced amino acid sequences. Finally, after several rounds of reiterative analysis and sequencing, 19 complete nucleotide sequences of unique full-length endosperm cDNAs (abundant or storage proteins) were identified (summarized in Figure 1 and Table 1 ). The percentage of each unique endosperm sequence in the database was estimated by tallying the number of clustered EST contigs. Phylogenetic analysis of selected sequences, including bootstrap tests of the resulting dendrograms (neighborjoining method with 500 iterations), was performed using MEGA 2b3 software (Kumar et al., 1994 ; http://www.megasoftware.net).
In Vitro Transcription and Bacterial Expression of Seed Protein-Specific RNA and Polypeptides
The nucleotide and encoded polypeptide sequences of endosperm protein-specific cDNAs were analyzed for similarity (ClustalW, Gap). Regions of low similarity (nucleotide level, Ͻ70% global identity and Ͻ15 identical consecutive nucleotides; polypeptide level, Ͻ50% global identity and Ͻ6 identical consecutive amino acid residues) were selected for subcloning into bacterial vectors suitable for in vitro transcription or bacterial production of polypeptides. An overview of the subcloned DNA sequences is given in Table 1 .
Two types of bacterial expression products were produced for each protein subsequence, a His tag fusion and a glutathione S-transferase (GST) fusion from subclones in pET28 (Novagen, Madison, WI) and from subclones in pGEX3 (Pharmacia, Piscataway, NJ), respectively. His tag and GST fusions were purified by affinity chromatography on Talon metal affinity resins (Clontech, Palo Alto, CA) and on glutathione-Sepharose 4B (Pharmacia), respectively. Protein expression and purification followed established procedures (Sambrook and Russel, 2001 ) and manufacturer-provided protocols.
Production of Monospecific Polyclonal Antibodies
Antibodies were produced in New Zealand White rabbits at HTI Bioproducts (Ramona, CA). Rabbits were sustained on a maize-free diet and prescreened for the absence of endosperm protein cross-reacting antibodies before immunization. Affinity-purified His tag fusions of protein sequences or, alternatively, synthetic oligopeptides coupled to keyhole limpet hemocyanin (Research Genetics, Huntsville, AL) were denatured in 5 M urea for 5 min at 100ЊC and used as antigens (Table 1 ). The resulting polyclonal antibodies were affinity purified with the respective bacterially expressed GST fusion proteins bound to Affigel 15 (Bio-Rad, Hercules, CA) according to standard procedures (Harlow and Lane, 1988) or, for peptide antibodies, with the immobilized synthetic oligopeptide antigens (Research Genetics). Selected antigen-generated antibodies also were produced in chickens and rats (Table 1) .
Protein Extraction, Electrophoresis, and Immunodetection
Total protein was extracted from B73 endosperm in a 20-fold (w/v) excess of 2% SDS, 100 mM DTT, and 50 mM Tris-HCl, pH 6.8. The slurry was incubated immediately for 5 min at 100ЊC, vortexed vigorously for 1 min, and cleared by microcentrifugation for 5 min at ‫000,81ف‬g. Zein and non-zein protein fractions were extracted according to Wallace et al. (1990) . Protein concentrations were estimated according to Bradford (1976) (Bio-Rad Protein Assay) with BSA (Pierce, Rockford, IL) as a standard. Protein samples were adjusted to 5 mg/mL in SDS-PAGE sample buffer (Laemmli, 1970) . Proteins were separated electrophoretically using precast SDS-PAGE gradient gels and visualized by Coomassie Brilliant Blue R250 staining (Harlow and Lane, 1988) in the presence of 30% trichloroacetic acid to fix the proteins in the gel matrix. This procedure markedly reduced the loss of alcohol-soluble and low molecular mass polypeptides (e.g., 10-kD ␦-zein) from the gel matrix. For immunodetection, electrophoretically separated polypeptides were transferred to polyvinylidene difluoride membranes (Immobilon P; Millipore, Bedford, MA) using a semidry electroblotter (SemiPhor TE70; Hoefer, San Francisco, CA) as described (Matsudaira, 1987) . Prestained molecular weight protein standards (SeeBlue; Novex, San Diego, CA) were used to monitor the electrophoresis and transfer. The detection of antigens on polyvinylidene difluoride blots was performed according to standard procedures (Harlow and Lane, 1988) using the ECL kit (Pharmacia) or the Western Blue reagent (Promega, Madison, WI) according to the manufacturer's instructions.
RNA in Situ Hybridization
The maize inbred line W64A was grown in a greenhouse at the University of Arizona research farm in October 1999. Kernels were taken from the middle of ears harvested at 5, 10, 15, 20, and 25 DAP. After trimming both sides of a kernel, 2-to 3-mm-thick longitudinal median sections containing embryos were obtained and immediately fixed in 3.7% paraformaldehyde and 0.2% picric acid in 50 mM potassium phosphate and 5 mM EGTA buffer, pH 6.8, which was prepared in diethyl pyrocarbonate-treated deionized, distilled water (DEPCddH 2 O). After fixation for 3 to 4 hr at room temperature, the thick sections were washed in the same buffer for 1 to 2 hr with three changes to fresh buffer and then processed through a standard paraffin embedding procedure that included dehydration in gradient ethanol, substitution with xylene, and gradual infiltration of paraffin. Paraffinembedded tissues were cut into 15-m-thick sections that were attached to Histogrip-coated (Zymed Laboratories, South San Francisco, CA) glass microscope slides. Fixation after rehydration and various treatments, such as with glycine, proteinase K, and acetic anhydride, and blocking with hybridization solution lacking the RNA probe were omitted because they were tested systematically and found to be unnecessary. However, before hybridization with RNA probes, the tissue sections were treated with 0.25% DEPC in PBS for 30 min to inactivate endogenous enzymes, including RNase and alkaline phosphatase (AP). Hybridization was at 63ЊC overnight.
The hybridization solution contained 400 ng/mL digoxigenin (DIG)-labeled RNA probe of each gene, 50% deionized formamide, 5% dextran sulfate (average molecular weight, 500,000), 1% Blocking Reagent (Roche Molecular Biochemicals, Indianapolis, IN), 20 g/mL tRNA, 500 g/mL poly(A), 40 g/mL salmon sperm DNA, 300 mM NaCl, 10 mM Tris, pH 7.5, and 1 mM EDTA in DEPC-ddH 2 O. DIGlabeled sense and antisense RNA probes were synthesized in vitro by transcription of linearized pBluescript II KSϩ plasmids containing the cDNA of interest with T3 or T7 RNA polymerase (Roche Molecular Biochemicals). After hybridization, slides were washed twice for 1 hr at 63ЊC with 0.2 ϫ SSC (1 ϫ SSC is 0.15 M NaCl and 0.015 M sodium citrate) containing 0.05% SDS. Between these stringent washes, the slides were treated with 10 g/mL RNase A for 30 min at 37ЊC. DIG-labeled probes were detected with anti-DIG antibody conjugated with AP and an AP color reaction using the Fast Red TR/ Naphthol AS-MX system (Sigma, St. Louis, MO), which produces a red precipitate. These hybridization conditions were shown to minimize cross-hybridization among members of the same gene family, as indicated by consistent differences in spatial patterns of gene expression at particular developmental stages. The optimum incubation times for AP color reaction varied depending on the abundance of the transcript as follows: overnight, 19-and 22-kD ␣-zeins, 15-kD ␤-zein, 16-, 27-, and 50-kD ␥-zeins; 2 days, 10-kD ␦-zein and 18-kD ␣-globulin.
Immunogold Labeling of Endosperm Proteins
Approximately 0.5-mm-thick slices were excised from 20-DAP kernels midway between the crown and base; sections were prepared from the peripheral endosperm region, which has the highest density of protein bodies. The sections were fixed immediately in freshly prepared 4% paraformaldehyde and 1% glutaraldehyde in 50 mM potassium phosphate and 5 mM EGTA buffer, pH 6.8, and incubated overnight at 4ЊC. Before dehydration in graded ethanol concentrations, the slices were fixed in 2% osmium tetroxide for 2 hr at 4ЊC. The slices were infiltrated with LR White resin, cured under UV light at Ϫ10ЊC for 2 days, and further cured under UV light overnight at room temperature. Plastic tissue blocks were cut into 80-to 120-nm-thick sections and collected on formvar-coated nickel grids. The grids were incubated for 30 min in blocking solution, pH 8.2, containing 0.2% BSA and 0.06% Tween 20 in 20 mM Tris-HCl and 500 mM NaCl. The grids were labeled with primary antibodies overnight at 4ЊC, whereas labeling with secondary antibodies conjugated with gold particles was performed for 1 hr at room temperature. For simultaneous detection of 19-kD ␣-zein with 50-kD ␥-zein and 19-kD ␣-zein with 18-kD ␣-globulin, the grids were incubated with 19-kD ␣-zein B1 rat antibodies and 50-kD ␣-zein or 18-kD ␣-globulin rabbit antibodies. The primary antibodies were detected with anti-rat or anti-rabbit antibodies conjugated with 5-and 10-nm gold particles, respectively. The grids were stained with 2.5% uranyl acetate for 15 min followed by three rinses in ddH 2 O. The grids were air dried and examined with a JEOL 100CX2 transmission electron microscope (JEOL USA, Peabody, MA).
